Phosphorylating glyceraldehyde-3-P dehydrogenase (GAPC-1) is a highly conserved cytosolic enzyme that catalyzes the conversion of glyceraldehyde-3-P to 1,3-bis-phosphoglycerate; besides its participation in glycolysis, it is thought to be involved in additional cellular functions. To reach an integrative view on the many roles played by this enzyme, we characterized a homozygous gapc-1 null mutant and an as-GAPC1 line of Arabidopsis (Arabidopsis thaliana). Both mutant plant lines show a delay in growth, morphological alterations in siliques, and low seed number. Embryo development was altered, showing abortions and empty embryonic sacs in basal and apical siliques, respectively. The gapc-1 line shows a decrease in ATP levels and reduced respiratory rate. Furthermore, both lines exhibit a decrease in the expression and activity of aconitase and succinate dehydrogenase and reduced levels of pyruvate and several Krebs cycle intermediates, as well as increased reactive oxygen species levels. Transcriptome analysis of the gapc-1 mutants unveils a differential accumulation of transcripts encoding for enzymes involved in carbon partitioning. According to these studies, some enzymes involved in carbon flux decreased (phosphoenolpyruvate carboxylase, NAD-malic enzyme, glucose-6-P dehydrogenase) or increased (NAD-malate dehydrogenase) their activities compared to the wild-type line. Taken together, our data indicate that a deficiency in the cytosolic GAPC activity results in modifications of carbon flux and mitochondrial dysfunction, leading to an alteration of plant and embryo development with decreased number of seeds, indicating that GAPC-1 is essential for normal fertility in Arabidopsis plants.
Glyceraldehyde-3-P dehydrogenases (GAPDHs) are enzymes conserved in all living organisms, where they play a central role in the carbon economy of the cells. Higher plants possess four distinct isoforms of GAPDHs: (1) GAPC, a cytosolic, phosphorylating, NAD-specific GAPDH catalyzing the conversion of glyceraldehyde-3-P (Ga3P) to 1,3-bisphosphoglycerate; (2) NP-GAPDH, a cytosolic non-phosphorylating NADP-dependent GAPDH that catalyzes the oxidation of Ga3P to 3-phosphoglycerate (3PGA; Valverde et al., 2005) ; (3) GAPA/B, a phosphorylating, NADPspecific GAPDH involved in photosynthetic CO 2 fixation in chloroplasts (Cerff and Chambers, 1979) ; and (4) GAPCp, involved in glycolytic energy production in non-green plastids (Petersen et al., 2003) .
Much is known concerning the gene structure, evolution, and functional properties of GAPDHs in algal systems (Koksharova et al., 1998; Fillinger et al., 2000; Perusse and Schoen, 2004; Valverde et al., 2005) , whereas in higher plants, the characterization of GAPDHs was mainly performed on the chloroplastic isoforms that are activated by thioredoxins (Wolosiuk and Buchanan, 1978; Fermani et al., 2007) .
In recent years, detailed studies have been carried out on the structure-function relationships (Mateos and Serrano, 1992; Habenicht et al., 1994; Michels et al., 1994; Petersen et al., 2003; Anderson et al., 2004; Hancock et al., 2005) and kinetic properties (Gomez Casati et al., 2000; Iglesias, 2002, 2003; Iglesias et al., 2002) of the cytosolic GAPDHs. However, only a few reports have been focused on their in vivo functions (Hajirezaei et al., 2006; Rius et al., 2006; Wang et al., 2007) . It has been proposed that the NP-GAPDH isoform plays a central role in a shuttle system mechanism for the transport of the NADPH generated by photosynthesis from the chloroplast to the cytosol and in providing NADPH for gluconeogenesis (Kelly and Gibbs, 1973a; Rumpho et al., 1983; Habenicht, 1997) . Recently, we reported that NP-GAPDH could be important in fruit development and energetic metabolism. Interestingly, a mutation in the NP-GAPDH gene induced the expression of the cytosolic GAPC-1 isoform (Rius et al., 2006) .
The importance of GAPC in photosynthetic tissues has been widely reported; however, only a few reports have described its function in heterotrophic tissues (Fernie et al., 2004; Hajirezaei et al., 2006) . Furthermore, GAPC-1 is cytoskeletally associated in many organisms including plants (Chuong et al., 2004) . Additionally, it was found associated to other glycolytic enzymes, both in the cytoskeleton and in the mitochondria of Arabidopsis (Arabidopsis thaliana; Giege et al., 2003; Holtgrawe et al., 2005) . Thus, it was postulated that glycolytic proteins may be important in mitochondrial energetic metabolism and in regulating mitochondrial functions (Giege et al., 2003) . Additionally, the coexistence of GAPC and NP-GAPDH in the cytosol establishes a bypass of carbon flux during the glycolysis, which very likely improves the flexibility to respond to environmental stresses.
However, the precise consequences of these alternative pathways on the carbon economy and the growth and development of plants have not been explored.
In this work, we isolated and characterized two lines exhibiting a GAPC-1 deficiency: a null mutant line of Arabidopsis deficient in GAPC-1 expression (gapc-1, SALK_010839) and a transgenic line expressing the antisense version of the GAPC-1 gene (At3g04120, as-GAPC1). Both lines exhibited defects in fertility, with alterations in seed and fruit development, suggesting that GAPC-1 is essential in these organs. The molecular, biochemical, and physiological studies of these lines indicate that this enzyme plays critical and pleiotropic roles, being essential for the maintenance of cellular ATP levels and carbohydrate metabolism and required for full fertility in Arabidopsis.
RESULTS

Identification of a gapc-1 Mutant and Construction of the Antisense as-GAPC1 Line
To evaluate the possible function(s) of the GAPC-1 gene in Arabidopsis, we selected a T-DNA insertion mutant from the Arabidopsis Biological Resource Center (The Ohio State University, Columbus, OH) seed stock (SALK_010839, gapc-1). GAPC-1 (At3g04120; Figure 1 . Schemes of gapc-1 null mutant and the antisense construction as-GAPC1. A, Intron-exon organization of GAPC-1 gene of an Arabidopsis T-DNA insertional mutant line (SALK_010839). Arrows show the locations and directions of primers used to screen for gapc-1 mutant (GAPC-1 5#, GAPC-1 3#). The structure of the T-DNA is not drawn to scale. The GAPC-1 gene contains nine exons and eight introns. The white triangle shows the T-DNA position in the ninth exon region of GAPC-1. B, Schematic representation of the antisense gene (as-GAPC1) used to generate transgenic plants expressing a fragment (418 bp) of GAPC-1 in antisense orientation. The coding sequence of Arabidopsis GAPC-1 was cloned under the control of cauliflower mosaic virus 35S (CaMV35S) promoter from pDH51 vector and then subcloned on pCAMBIA 2200 multiple cloning site (EcoRI site). MCS, Multiple cloning site; t-35S, 35S terminator; NPTII, kanamycin resistance gene. C, Steady-state levels of GAPC-1 mRNA in wild-type, mutant gapc-1, and transgenic as-GAPC1 plants. Total RNA was extracted from 42-d-old leaves and reverse transcribed using random hexamers and then amplified with GAPC-1-specific primers. The housekeeping gene b-ACTIN (At3g18780) was used as internal control. Figure 2 . Analysis of GAPC by western blot and enzyme activity. A, Western-blot detection of GAPC protein in wild type, gapc-1 mutants, and transgenic as-GAPC1 from leaves extracts, using serum anti-GAPC from Triticum aestivum. B, NAD-GAPDH activity determined in leaf and flower crude extracts from wild-type (white bars), gapc-1 (black bars), and as-GAPC1 (gray bars) plants. The value 1.0 of relative activity represents 22.4 mU mg protein 21 . Values are the mean 6 SD of four independent replicates.
1,017 bp) is composed of nine exons and eight introns, and in gapc-1 plants the T-DNA is inserted in the ninth exon (Fig. 1A) . gapc-1 homozygous plants were isolated using PCR screening, and segregation analysis and DNA gel-blot hybridization indicate that the mutant plants contained only one copy of T-DNA (data not shown).
To obtain a second GAPC-1-deficient line, we constructed a transgenic antisense line (as-GAPC1) by transformation with pCAMBIA 2200 plasmid (Hajdukiewiez et al., 1994; Fig. 1B) . The expression of GAPC-1 in null mutants and as-GAPC1 plants verified by reverse transcription (RT)-PCR analysis shows that GAPC-1 mRNA is absent in gapc-1 plants, confirming that the T-DNA insertion impairs GAPC expression (Fig. 1C) . In the as-GAPC1 line, there is a 30% decrease in GAPC-1 transcripts compared to wild-type plants (Fig. 1C) . The GAPC protein levels determined by western blot using specific antibodies show a decrease of 23% 6 5% and 27% 6 8% in gapc-1 and as-GAPC1 plants, respectively ( Fig. 2A) . Moreover, we determined that total GAPC activity is 50% decreased in leaves and flowers of both lines (Fig. 2B) . Although we observed a complete absence of the GAPC-1 transcript in the gapc-1 line, the amount of protein was reduced in a way that the decrease in GAPC total activity was only about 50% of that determined for wild-type plants. This very likely results from the activity of: (1) other GAPC isoforms encoded by GAPC-2 (At1g13440), GAPCp-1 (At1g16300), or GAPCp-2 (At1g79530) in the Arabidopsis genome; or (2) the GAPA/B isoform, which preferentially uses NADPH but also is active in the presence of NADH (Sparla et al., 2004) .
Phenotypic Characterization of gapc-1 and as-GAPC1 Plants Under normal growth conditions, gapc-1 and as-GAPC1 plants exhibited retarded growth at different developmental stages compared to wild-type plants (Fig. 3, A and B) . While we did not observe differences in the morphology of roots and leaves, flowers and Table I . Weight, length, and seed number from wild-type, gapc-1, and as-GAPC1 siliques obtained from 6-week-old plants Variable (n = 20) Wild Type gapc-1 as-GAPC1
Silique length (mm) 12.4 6 0.8 3.5 6 0.8 2.1 6 1.0 Silique weight (mg) 4.62 6 0.51 0.36 6 0.13 0.22 6 0.12 Seeds/silique 45 6 5 7 6 3 3 6 1 fruits were severely affected in their morphology, with fruits displaying alterations in their size and weight (Fig. 3C ). Wild-type plants have normal amounts of seeds per silique (45 6 5) and normal morphology (Fig. 3D ), whereas gapc-1 and as-GAPC1 plants showed aberrant seed development and seed number deficiency (Fig. 3, E and F) . The reduced number of seeds (about 12% and 6% for gapc-1 and as-GAPC1 plants, respectively) was frequently accompanied by empty embryo sacs (Table I) . These results suggest that GAPC activity is essential for zygotic and/or early embryo development. Because GAPC-1-deficient plants have abnormal fruit development, we investigated whether or not pollen viability and/or pollen tube elongation was affected in post-anthesis flowers of these plants.
Pollen grains from gapc-1 and as-GAPC1 lines showed apparently normal morphology. However, they were not fertile and showed defects in pollen tube germination in vitro. We observed 23% and 21% viable pollen grains in gapc-1 and as-GAPC1 lines, respectively, compared to more than 95% of germinated pollen in wild-type plants (Fig. 4) . When the gapc-1 plants were fertilized with wildtype pollen, the resulting F 1 plants exhibited a silique morphology and seed production similar to the wildtype phenotype, with 43 6 6 seeds per silique and the absence of empty sacs or aborted seeds observed in the mutant line (Fig. 5, A and B) . This result suggests that the reduced fertility of the mutant was due to defects in male organs and the female fertility was unaffected.
Analysis of gapc-1 Plants
To have a better assessment of the way by which GAPC activity changes determine the observed phenotype, we next compared the transcriptome of gapc-1 and wild-type plants. Results were analyzed to state a primary relationship between transcript levels and changes in enzyme activities and/or protein function. In addition, we also sought further evidence of changes determining levels of protein and/or activity for many of the implied enzymes.
Microarray analysis revealed alterations in the expression of genes encoding for glycolytic and Krebs cycle enzymes in gapc-1 plants. As shown in Table II , we observed a down-regulation of several genes involved in these pathways: GAPC-2, NP-GAPDH, two phosphofructokinase (PFK) genes, two pyruvate kinase (PK) genes, and a triose-P isomerase (TPI) gene. Conversely, we observed an up-regulation of two malate dehydrogenase (NAD-MDH) genes. As shown in Table II , there is also an alteration in the transcript levels of several genes related to photosynthesis, such as Rubisco SSU (At1g67090), Rubisco LSU (At1g14030 and At4g20130), and RCA (for Rubisco activase; At2g39730). Furthermore, several genes involved in the TCA cycle showed decreased expression: citrate synthase (At3g60100), succinate dehydrogenase (SDH; At3g27380), and aconitase (ACO; At2g05710 and At4g26970) genes. Also, several genes encoding for enzymes related to stress responses showed altered expression, such as different peroxidase (PER) isoforms, a peroxiredoxin (PEROX; At1g65970) isoform, an alternative oxidase (AOX; At5g64210) isoform, and three isoforms of catalase (CATs). Thus, microarray results suggest that mutants have an altered metabolism, which can induce a stress situation that could account for the delayed growth observed in the GAPCdeficient plants.
As described above, GAPC and NP-GAPDH participate in a bypass step of the glycolysis in plants, catalyzing the production of 3PGA, NADH, and ATP or 3PGA and NADPH, respectively. To further characterize the regulation of this bypass, we analyzed the expression of NP-GAPDH in gapc-1 and as-GAPC1 plants. A decrease of 25% and 92% in the expression of NP-GAPDH in gapc-1 and as-GAPC1, respectively, was observed (Fig. 6 ), in agreement with the decrease determined by microarray analysis (Table II) and also with the decrease in NP-GAPDH-specific activity (Fig. 7A ). This is in contrast to the results obtained with np-gapdh mutant plants, where the expression of GAPC-1 is induced in the absence of NP-GAPDH. In addition, we did not observe an up-regulation of genes encoding for Glc-6-P dehydrogenase (G6PDH) isoforms either by microarrays or RT-PCR experiments as was observed in the np-gapdh plants (Rius et al., 2006) . These data suggest that differences in the regulation or in the compensatory responses of GAPC-1 and NP-GAPDH genes exist in np-gapdh and gapc-1 mutant lines. In addition to GAPC-1, other cytosolic GAPDH isoforms could contribute to the maintenance of the carbon flux through the glycolytic pathway, such as GAPC-2. Therefore, the expression of GAPC-2 was analyzed. As shown in Figure 6 , we found 48% and 37% decreases of GAPC-2 mRNA levels in gapc-1 and as-GAPC1 lines, respectively.
As mentioned above, microarray data from gapc-1 plants showed an alteration in the level of transcripts encoding for glycolytic and energy metabolism enzymes (Table II) . To assess the impact of alterations in gene expression observed in microarrays, we evaluated the activity of several enzymes involved in both pathways (Fig. 7A) . A 25% decrease in PK activity was detected in gapc-1 plants. This correlates with the 74% and 57% decreases in the two PK genes expression determined by RT-PCR for gapc-1 and as-GAPC1 plants (Fig. 7B ) and microarray experiments with gapc-1 mutants (Table II) . We also observed decreases in the activity of other enzymes in the mutant plants: 49% for phosphoenolpyruvate carboxylase (PEPC), 24% for NAD-malic enzyme (NAD-ME), and 39% for G6PDH (Fig. 7A) . The decrease in several glycolytic transcripts such as the two PK genes and the inhibition of PK activity (the primary point of regulation of plant glycolysis), as well as the inhibition of other glycolytic enzymes, gives strong support that GAPC-1 deficiency lead to an inhibition of carbohydrate metabolism. Russell and Sachs (1989) and Yang et al. (1993) have shown that glycolytic genes, whose functions are Figure 6 . Analysis of GAPC-2 and NP-GAPDH transcripts by RT-PCR. Steady-state levels of GAPC-2 and NP-GAPDH transcripts from wildtype, gapc-1, and as-GAPC1 plants. Total RNA was reversed transcribed and then amplified using specific primers. The housekeeping b-ACTIN was used as internal control. . Enzyme activity and RT-PCR of oxidative stress and carbon metabolism enzymes. A, Specific activity of enzymes involved in carbohydrate metabolism. NP-GAPDH, PK, PEPC, G6PDH, NAD-ME, and NAD-MDH activity determined in wild-type and gapc-1 leaf extracts. One unit (U) is defined as quantity of micromoles of NADH or NADPH produced or consumed per minute at the temperature specified in the "Materials and Methods" section for each enzyme. B, RT-PCR analysis of genes involved in oxidative stress and carbon metabolism from wild-type, gapc-1, and as-GAPC1 plants. Total RNA was reversed transcribed and then amplified using specific primers. The housekeeping b-ACTIN was used as internal control. SS, Small subunit. required for both glycolysis and fermentation, were expressed at high levels under normoxia, but could be induced further by anoxia or hypoxia. The pyruvate decarboxylase (PDC), a gene that functions in alcoholic fermentation, is expressed at extremely low levels in plant cells under normal growth conditions and its expression is strongly induced by hypoxia or anoxia (Conley et al., 1999) . A study on the expression of PDC-2 in leaves from wild-type, gapc-1, and as-GAPC1 plants by RT-PCR shows that PDC-2 transcript is accumulated at lower levels in GAPC-deficient plants than in wild-type plants (Fig. 7B) .
As described above, some genes related to photosynthesis, for example, Rubisco SSU and RCA, were decreased in microarray analysis. We confirm the decrease in RCA transcript levels (about 50%) by RT-PCR analysis. However, a slight increase of Rubisco SSU mRNA expression was observed (Fig. 7B) . Furthermore, the transcription of many genes encoding for enzymes related to stress responses such as the three catalases was repressed ( Fig. 7B ; see also Table  II) . Thus, microarray and RT-PCR results suggest that mutants have an altered photosynthetic and carbon metabolism, which can induce a stress situation that could account for delayed growth.
gapc-1 and as-GAPC1 Plants Show Changes in the Levels of Glycolytic and TCA Intermediates
To evaluate the effect of the GAPC deficiency in glycolytic or TCA intermediates, we quantified the levels of pyruvate, the end product of glycolysis, and malate, the product of the alternative glycolytic pathway. Furthermore, we determined the levels of two metabolites of the TCA cycle, citrate and isocitrate.
The gapc-1 and as-GAPC1 plants accumulate 31% and 22%, respectively, of the pyruvate levels compared to the wild type, whereas there is an increase of about 1.7-fold in the accumulation of malate in both lines. Indeed, gapc-1 and as-GAPC1 plants showed a reduction in TCA intermediate levels such as citrate (40% and 32%, respectively) and isocitrate (54% and 27%, respectively; Table III) . It has been demonstrated that GAPC-1 and other glycolytic enzymes are associated with the mitochondrial outer membrane in Arabidopsis (Giege et al., 2003) . The respiratory pathways of glycolysis, the TCA cycle, and the mitochondrial electron transport chain are ubiquitous throughout nature. Although the series of enzymes and proteins that participate in these pathways have long been known, their regulation and control are much less well understood (Fernie et al., 2004) . GAPC-1 deficiency in mutant plants could be affecting the carbon flux units destined to the TCA cycle. This would affect the respiratory chain function and O 2 uptake, with consequences on the ATP produced during oxidative phosphorylation in the mitochondria. To determine the effect of GAPC-1 deficiency on mitochondrial function, we measured the oxygen uptake in mature rosette leaves (6 weeks old) and flowers. Our results show a decrease of 39.5% in leaf respiration in gapc-1 mutants compared to wild-type plants (Fig. 8A) . Furthermore, flowers also showed a decrease of 23% in oxygen uptake compared to the wild type.
The energetic status of the gapc-1 line was evaluated by measuring total ATP levels. We found 38% and 29.4% decreases in the ATP concentration in mutant Pyruvate 8.6 6 1.4 2.7 6 0.6 1.9 6 0.4 Malate 4.3 6 0.9 7.6 6 1.2 6.8 6 1.0 Citrate 9.4 6 1.5 3.7 6 0.5 3.2 6 0.6 Isocitrate 1.1 6 0.2 0.6 6 0.2 0.3 6 0.1 a Pyruvate levels are expressed in nmol/g fresh weight. Malate, citrate, and isocitrate levels are expressed in mmol/g fresh weight.
Figure 8. Measurement of oxygen uptake, ATP levels, and analysis of the expression and activity of TCA cycle enzymes. A, Determination of O 2 evolution (mmol O 2 min 21 mg 21 dry weight) in detached leaves and flowers from wild-type (white bars) and gapc-1 plants (black bars). B, ATP levels determined in wild-type (white bars) and gapc-1 (black bars) Arabidopsis rosettes leaves and flowers. C, Left, RT-PCR analysis of ACO (At2g05710) and SDH (At3g27380) transcripts involved in TCA cycle determined in wild-type, gapc-1, and as-GAPC1 plants. Total RNA was reversed transcribed and then amplified using specific primers. The housekeeping b-ACTIN was used as internal control. C, Right, Enzymatic activity of aconitase and SDH in wild-type (with bars), gapc-1 (gray bars), and as-GAPC1 plants (black bars). Each enzymatic assay was performed using 10 mg total proteins from isolated mitochondrial fraction. The activity of each enzyme in wild-type plants was used as a reference value. leaves and flowers, respectively (Fig. 8B) . The results suggest that GAPC-1 deficiency has an important effect on ATP levels, in correlation with the decrease in the respiration rate observed in the mutant plants (Fig. 8A) .
The decrease in ATP pools and the reduction of the respiration rate in mutant plants correlate with a reduced expression of genes involved in the TCA cycle such as ACO and SDH determined by RT-PCR (Fig. 8C) . This is in agreement with the observed decrease in aconitase (15% and 20% in gapc-1 and as-GAPC1 plants, respectively) and SDH activity (about 20% in both lines; Fig. 8C ). Taken together, our results suggest that the GAPC-1 deficiency affects not only the glycolysis but also the function of other respiratory pathways, and that this metabolic deficit could be the cause of the phenotypes observed in reproductive tissues, which depend mainly on respiration to obtain energy.
gapc-1 and as-GAPC1 Plants Exhibit Increased Reactive Oxygen Species Accumulation and Higher Density of Trichomes
Recently, it has been suggested that GAPC plays a regulatory role in reactive oxygen species (ROS) signaling in plants (Hancock et al., 2005) . To evaluate the consequences of GAPC-1 deficiency, we determined ROS levels in gapc-1 and as-GAPC1 lines by histochemical detection using 2#,7#-dichlorofluorescein diacetate (H 2 DCFDA). We found an increase in ROS accumulation, as the fluorescence in trichomes is higher in both lines compared to wild-type plants (Fig. 9A) . Furthermore, an increase in the trichome density was observed in null mutants and antisense lines (Fig. 9B) . A special role in detoxification has been assigned to trichomes of Brassica juncea that accumulate cadmium (Salt et al., 1995) . Also, it has been proposed that Arabidopsis trichome cells have a role in GSH biosynthesis, and they may also function as a sink during detoxification processes, suggesting that trichomes may have a role in xenobiotic conjugation (Gutierrez-Alcala et al., 2000) .
Microarray data also show that transcript levels for several genes encoding proteins that participate in oxidative stress response, such as peroxidases (PER62, PER41, PER52, PER9, and PER2) and superoxide dismutase [Cu-Zn], show increased levels in gapc-1 plants. In addition, we measured by RT-PCR the mRNA levels of other genes encoding for proteins involved in stress responses, such as PEROX and AOX (Sweetlove et al., 2002) , which showed a slight change in expression (Fig. 9C) . All together, these data support the existence of increased oxidative stress in GAPC-1-deficient plants.
DISCUSSION
To investigate other possible physiological functions of GAPC-1, we characterized two GAPC-deficient lines: a T-DNA insertional mutant (SALK_010839, gapc-1) and an antisense line, as-GAPC1. We found evidence that GAPC-1 plays an important role and is required for full fertility in Arabidopsis plants. The knockout mutant gapc-1 is null in terms of GAPC-1 expression, and the as-GAPC1 line displayed a decrease in the expression of GAPC-1 transcript. Accordingly, both lines showed lower levels of GAPC protein by western-blot analysis ( Figs. 1 and 2 ) and reduced activity in leaves and flowers (Fig. 2B) . Western-blot analysis performed in gapc-1 and as-GAPC1 plants revealed the presence of a protein band that reacts with a-GAPC antibodies. This can be due to the expression of GAPC-2, a cytosolic isoform of GAPC having high structural similarity with GAPC-1, whereas GAPC-2, GAPCp, and/or GAPA/B isoforms could contribute to the NADH-dependent residual activity observed in the two lines.
Both gapc-1 and as-GAPC1 plants exhibited a delay in growth. Indeed, both lines presented an alteration in silique morphology and seed production. The defect in pollen tube germination and the restoration of viable seed production after crossing experiments using wildtype pollen indicate that GAPC-1 function is important in male organs and suggest that the decrease in GAPC-1 activity impairs the mitochondrial function required for normal pollen production (Heiser et al., 1997) . The phenotypes obtained showed that GAPC activity is essential in reproductive tissues and revealed the importance of the GAPC-1 gene in plant development and fructification. To link this phenotype with the underlying mechanisms determining it, we investigated the effects of the mutation on the GAPC-1 gene in glycolysis by transcriptome analysis of gapc-1 plants. Our results demonstrate that this line exhibited a downregulation of several genes involved in glycolysis: NP-GAPDH, GAPC-2, TPI, PFKs, and PK. Furthermore, we confirmed that the glycolytic pathway is altered in the GAPC-deficient plants by measuring the activity of some of the enzymes of this pathway. It has been reported that PK is the primary point of regulation of glycolysis (Plaxton, 1996; Plaxton and Podestá, 2006) . Our results indicate that there is a down-regulation of two genes encoding for cytosolic PKs and also a decrease in PK activity, strongly suggesting a reduction in the glycolytic flux after GAPC-1 reaction. These results are in agreement with previous works (Siddiquee et al., 2004; Rius et al., 2006) that illustrate that blocking the glycolytic pathway at the level of PK or NP-GADPH leads to a down-regulation of several glycolytic genes.
In a previous work, Hajirezaei et al. (2006) demonstrated that the inhibition of phosphorylating GAPC in potato (Solanum tuberosum) plants does not greatly affect sugar metabolism in leaves or tubers; however, there was an alteration in the levels of several glycolytic intermediates. It has been suggested that the lack of phosphorylating GAPC can be compensated by other isoforms, such as NP-GAPDH. To investigate this hypothesis, we analyzed the expression of NP-GAPDH and GAPC-2 in gapc-1 and as-GAPC1 plants. Interestingly, the mutation in the GAPC-1 gene did not induce the expression of other cytosolic GAPC isoforms. In contrast to what we observed previously in np-gapdh plants (Rius et al., 2006) , the mutation on GAPC-1 produced a decrease in NP-GAPDH and GAPC-2 mRNA levels in both gapc-1 and as-GAPC1 lines. 
AAACATATGGCGGAGGCGGAAACAAAA AAACTCGAGACGCTGAAGTTGCTTGAT In plants, the glycolytic carbon flux can pass through the GAPC enzyme producing 3PGA, NADH, and ATP or through a metabolic bypass catalyzed by NP-GAPDH producing 3PGA and NADPH, but not ATP. This alternative pathway has energetic and metabolic consequences; it has been proposed to participate in a shuttle of triose-P/phosphate that indirectly transfers photosynthetically reduced NADP + from chloroplast to cytoplasm during photosynthesis (Kelly and Gibbs, 1973b) , but its regulation is not yet completely understood. A recent study has shown that the nonphosphorylating NP-GAPDH is up-regulated during inorganic phosphate (Pi) starvation in Arabidopsis, while other genes, including GAPC-1, are down-regulated (Wu et al., 2003) . It is interesting to note that GAPC-2 has been suggested to play an important role in responses to low-Pi stress, possibly through the regulation of a glycolysis-associated "Pi-pool" and accumulation of anthocyanin pigments in Arabidopsis (Wang et al., 2007) . Our previous work demonstrates the upregulation of GAPC-1 in np-gapdh null mutant plants (Rius et al., 2006) . Thus, it is possible that a coordinated regulation of the expression of both genes exists, although not reciprocally, GAPC-1 to NP-GAPDH. However, the specific regulation of this bypass is far from complete.
The deficiency of GAPC-1 activity shows a direct effect on the production of energy, as we measured a decrease in ATP cellular levels in flowers and leaves of the gapc-1 plants. Indeed, the decrease of pyruvate levels and TCA cycle intermediates suggests a decrease in the carbon flux through the glycolytic pathway to the mitochondria. Pollen development in the anther and the growth of the pollen tube are highly energy-demanding processes. It has been reported that pollen granules contain 20 times more mitochondria per cell than normal vegetative tissues in maize (Gass et al., 2005) . Thus, an intense mitochondrial activity occurs during sporogenesis. As described by Giege et al. (2003) , GAPC-1 as well as other glycolytic enzymes are physically associated with the external mitochondrial membrane in Arabidopsis. Indeed, the existence of substrate channeling restricts the use of intermediates by competing metabolic pathways and enhances the direct entrance of carbon to respiration, resulting in an increase of ATP production (Graham et al., 2007) . In this work, the consequence of GAPC deficiency in gapc-1 mutants has an important influence on the respiration rate and in ATP, pyruvate, malate, and other TCA cycle metabolite levels, which suggests that the alteration in glycolysis can affect the carbon flux and oxidative phosphorylation in the mitochondria. It is important to note that oxidative phosphorylation is more efficient than glycolysis for ATP production, and the mitochondria is the major supplier of the ATP used in the cytosol (Igamberdiev et al., 1998) .
Two major sites of ROS production in plant cells have been reported, one in the chloroplast, where ROS is produced in the photosynthetic electron transport chain, and the other in the mitochondria (Millar et al., 2001; Moller, 2001; Moller and Kristensen, 2004) . The null mutants and the as-GAPC1 lines showed increased ROS accumulation and trichome density and induction of genes involved in stress responses, supporting the existence of increased oxidative stress in both lines. Thus, the increased trichome density observed could be a response to higher levels of ROS. In Arabidopsis, an increment in trichome number after stress treatments or exposure to ionizing radiations was described to be mediated by ROS (Nagata et al., 1999) . Indeed, our results are in agreement with the proposed role of GAPC in the control of hydrogen peroxide production (Baek et al., 2008) and in the regulation of ROS signaling in plants (Hancock et al., 2005) .
In conclusion, in this work, we studied the effect of the disruption of the GAPC-1 gene in Arabidopsis plants using gapc-1 null mutants and antisense lines deficient in GAPC-1 expression. Both lines showed defects in fertility, with alterations of seed and fruit development, suggesting that GAPC-1 and the presence of a full glycolytic pathway are essential in these organs and have an important role in fertility in Arabidopsis. Analysis by microarrays, RT-PCR, and enzymatic activity suggest that a deficiency in GAPC-1 results in an inhibition of glycolysis, mitochondrial dysfunction, and increase of oxidative stress.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Arabidopsis (Arabidopsis thaliana) var Columbia was used as the wild type. The gapc-1 mutant plant contains a T-DNA insertion in the ninth exon of the GAPC-1 gene At3g04120 (SALK_010839; Fig. 1A ). The gapc-1 mutant seeds were obtained from the T-DNA Express Collection at the Salk Institute (http://signal.salk.edu/cgi-bin/tdnaexpress). Seeds were germinated directly in soil and kept at 4°C for at least 72 h before light treatment. Plants were grown in greenhouse conditions at 25°C under fluorescent lamps (Grolux, Sylvania and Cool White, Philips) with an intensity of 150 mmol m 22 s 21 using a 16-h-light/8-h-dark photoperiod.
Identification of Insertional gapc-1 Mutants
The position of the T-DNA insert was determined by PCR using the following primers: LBb1 (GCGTGGACCGCTTGCTGCAACT; http://signal. salk.edu) and GAPC-1 (Table IV) . Genomic DNA was extracted from leaves using the cetyl-trimethyl-ammonium bromide method described by Sambrook et al. (1989) . The genotype was determined by PCR on genomic DNA using primers flanking the insertion point for wild-type plants (GAPC-1 forward and reverse; Table IV) , and LBb1 and GAPC-1 forward primer pair for the gapc-1 mutant.
Isolation of RNA and RT-PCR Analysis
Total RNA from 6-week-old fully expanded rosette leaves collected from pools of six plants was extracted using TRI Reagent (Sigma-Aldrich). First, cDNA synthesis was obtained using total RNA (3 mg) in the presence of random hexamers and moloney murine leukemia virus RT (USB) according to the manufacturers' instructions. An aliquot (1 mL) from the RT reaction was used as template in PCR reactions with the corresponding oligonucleotides (Table IV) . Semiquantitative RT-PCR analysis was performed on the amplification of products after 16, 20, 24, and 28 PCR cycles using (at least) three independent samples. Appropriate number of cycles was determined for each cDNA to obtain data during the exponential phase of the PCR reaction. b-ACTIN was used as internal control. Specific primer pairs were designed based on the cDNA sequence reported in GenBank for the desired genes. PCR products were analyzed on agarose gels and visualized using ethidium bromide staining and/or transferred onto Hybond N+ membranes (Amersham Biosciences). Probe labeling and membrane hybridization were performed according to the ECL Direct Nucleic Acid Labeling and Detection System protocol (Amersham Biosciences).
Microarray Experiments and Data Analysis
Arabidopsis oligonucleotide microarrays were fabricated by the University of Arizona and contain 26,000 oligonucleotides (http://www.ag.arizona. edu/microarray/). All analyses were completed as described previously (Rius et al., 2006) . Briefly, RNA was isolated from 6-week-old rosette leaves obtained from pools of eight plants, both mutant and wild-type plants, grown as described above. The experimental (mutant) and reference (wild-type) RNA samples were reverse-transcribed and directly labeled with either Cy5-dUTP or Cy3-dUTP fluorescent dye (Amersham Pharmacia Biotech) using random hexamer primers (Invitrogen). After that, labeled samples were mixed and hybridized to the microarrays. The slides were scanned with a GenePix 4000B Scanner (Axon Instruments). Results were obtained by triplicates and using samples from different experiments as biological replicates. Data from multiple experiments were normalized (Bolstad et al., 2003) , and signals from spots from different experiments were statistically analyzed using Significance Analysis of Microarrays employing the one-class response (http://www-stat.stanford.edu/~tibs/SAM/; Tusher et al., 2001 ) cut at a false discovery rate ,10%. The microarray data are accessible through http:// www.ncbi.nlm.nih.gov/geo/ with accession number GSE3540.
Bioinformatic Methods
The relative levels of mRNA transcripts for the different genes were determined by densitometric analysis using the Gel Pro Analyzer program (Media Cybernetics).
Respiration Measurements
Oxygen consumption was measured at 25°C using an air-tight chamber fitted with a Clark type electrode (Hansatech Leaf Disc Electrode unit). Calibration was achieved by a simple 2-point calibration between air (21% O 2 ) and the injection or removal of a known volume of air from the chamber. Zero oxygen was achieved by equilibration with N 2 to displace all the O 2 present in the chamber. Plants were kept in the dark for 15 min before measurement. Detached Arabidopsis leaves and bud flowers (200-300 mg) were placed in the oxygen electrode chamber. Oxygen concentration was monitored for 15 min.
Immunoblotting
Leaf extracts obtained from pools of six plants were electrophoresed on 12% SDS-polyacrylamide gels and electroblotted onto a nitrocellulose membrane. Immunoblotting was revealed using affinity-purified antibodies raised against recombinant GAPC of Triticum aestivum, and antigenic polypeptides were detected using an alkaline-phosphatase-conjugated secondary antibody (dilution 1:10,000), as described previously (Plaxton, 1989; Bollag et al., 1996) . The western-blot experiments were performed by triplicate and the average values 6 SD are reported.
In Vitro Pollen Germination
In vitro pollen germination was determined by incubating released pollen with medium containing 17% (w/v) Suc, 2 mM CaCl 2 , 1.65 mM H 3 BO 3 , 0.6% (w/v) agar, and 5 mM MES, pH 5.8, as described previously (Busi et al., 2006a) . Only freshly anther-dehisced flowers were used for in vitro pollen germination experiments, because pollen grains at this developmental stage show the highest germination percentage. For each experiment, flowers were randomly collected from different plants. Total and germinated pollen grains were counted under a microscope after 6 h of incubation at 25°C with 100% relative humidity (Schnurr et al., 2006) .
Measurement of ATP Pool
Six-week-old rosette leaves and bud flowers from wild-type and gapc-1 plants frozen with liquid nitrogen were ground to a powder using a chilled mortar and pestle. The powder (20 mg) was homogenized with 60 mL of 0.1 M HCl in a 1.5-mL microtube. The homogenate was centrifuged at 20,000g for 10 min at 4°C. The supernatant was filtered through a micro-concentrator Microcon YM-3 (Amicon) at 14,000g at 4°C. After neutralization with 1 M TrisHCl, pH 7.4, the filtrates were used for the measurement of ATP levels. Total cellular ATP content was determined with an ATP bioluminescent assay kit (Sigma-Aldrich) and an LD-400 Luminescence detector (Beckman-Coulter; Wulff and Dö ppen, 1985) . ATP levels are expressed in nmol/g fresh weight. All data were subjected to regression analysis or the Student's t test. The standard curve of ATP concentration was prepared from a known amount. Means 6 SD (n = 4) are significantly different at the P , 0.05 probability level.
Determination of Metabolite Levels
Metabolite levels were assayed spectrophotometrically as described previously (Chen et al., 2002) with minor modifications. Leaves (approximately 300-500 mg) were harvested at the end of the light period, immediately placed in liquid nitrogen, and ground to a powder. Two milliliters of ice-cold 4% (v/v) HClO 4 was added to the powder. The suspension was kept on ice for approximately 30 min and then centrifuged 15 min at 20,000g. The mixture was neutralized with 5 M K 2 CO 3 and treated with activated charcoal (washed with HCl). The supernatant was used for the measurement of metabolites (Chen et al., 2002) . Reported values are the means of at least four independent measurements 6 SE.
Histochemical Detection of ROS in Arabidopsis Leaves by Fluorometric Assay
The histochemical detection of ROS was performed according to Hempel et al. (1999) . Briefly, freshly cut, 6-week-old Arabidopsis rosette leaves were incubated with a solution containing phosphate buffer saline 13 and 5 mM H 2 DCFDA. The tissues were incubated for 2 min at room temperature in the dark, and then washed for 3 min twice in 13 phosphate buffer saline. Fluorescence was immediately visualized using a Nikon fluorescence microscope (Eclipse E800).
Enzyme Assays
Homogenates used to determine enzyme activity were prepared as described (Eastmond et al., 2000) . Cell-free preparations were obtained from 6-week-old rosette leaves. Leaves (200 mg) were washed, frozen under liquid nitrogen, and ground to a powder. The powdered material was homogenized with 600 mL of buffer containing 50 mM Tris-HCl, pH 8.0, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and 40 mM 2-mercaptoethanol. The homogenate was centrifuged at 12,000g for 20 min at 4°C, and the supernatant was collected. NP-GAPDH, PK, PEPC, G6PDH, NAD-ME, and NAD-MDH were assayed spectrophotometrically at 340 nm at 30°C as described previously (Gomez Casati et al., 2000; Rius et al., 2006) . GAPC activity was measured by following the reduction of NAD + . The medium contained 50 mM triethanolamine-HCl, pH 8.5, 4 mM NAD + , 10 mM Na 3 AsO 4 , 1.2 mmol D-Ga3P, and 3 mM dithiothreitol. Reactions were initiated by the addition of Ga3P, and the rate of increase in absorbance was linear for at least 3 to 5 min. Activity increased linearly with increasing enzyme concentration. One unit (U) is defined as the amount of enzyme that catalyzes the formation or consumption of 1 mmol min 21 NADPH or NADH under each specified assay condition. SDH activity was measured in mitochondrial fraction with the 2,6-dichlorophenolindophenol method as described previously (Busi et al., 2006b) , and aconitase activity was monitored by measuring the formation of cis-aconitate at 240 nm (Li et al., 1999) . All the determinations were performed at least by triplicate and the average values 6 SD are reported.
